The mechanisms underlying memory formation in the hippocampal network remain a major unanswered aspect of neuroscience. Although high-frequency activity appears essential for plasticity, salience for memory formation is also provided by activity in ventral tegmental area (VTA) dopamine projections. Here, we report that activation of dopamine D1 receptors in dentate granule cells (DGCs) can preferentially increase dendritic excitability to both highfrequency afferent activity and high-frequency trains of backpropagating action potentials. Using whole-cell patch clamp recordings, calcium imaging, and neuropeptide Y to inhibit postsynaptic calcium influx, we found that activation of dendritic voltagedependent calcium channels (VDCCs) is essential for dopamineinduced long-term potentiation (LTP), both in rat and human dentate gyrus (DG). Moreover, we demonstrate previously unreported spike-timing-dependent plasticity in the human hippocampus. These results suggest that when dopamine is released in the dentate gyrus with concurrent high-frequency activity there is an increased probability that synapses will be strengthened and reward-associated spatial memories will be formed.
A s an animal explores a specific location, place cells in the dentate gyrus (DG) of the hippocampus fire bursts of action potentials (APs) (1) that can result in the formation of a new, long-term contextual memory (2) . This is part of the "pattern separation" mechanism, whereby only a small population of dentate granule cells (DGCs) become very active and pass on the incoming cortical input to be later represented or "completed," in the downstream CA3 network (3) . Memory formation related to a specific place can be enhanced by an associated salience, such as reward (4) . Recent work suggests that disruption of mesocorticolimbic dopamine responses blocks conditioned place preference (CPP), a reward-driven form of spatial memory (5, 6) . Furthermore, nicotine-induced CPP requires dopamine D1 receptor (D1R) activation in the DG (7) . The medial perforant pathway (MPP) carries spatial information to the middle third of the molecular layer (8) . In DGCs, D1Rs are concentrated throughout the dendritic tree (9) . This suggests that bursting activity in DGCs, coincident with local dopamine release, may enhance formation of salient memories, but a mechanism remains unknown.
One potential mechanism mediating plasticity is the coincidence of backpropagating dendritic APs with appropriately timed synaptic input (10) ; this mechanism requires postsynaptic Ca 2+ influx (11) . Ca 2+ channels have been implicated in nonlinear, frequency-dependent responses in dendrites (12) and D1Rs can potentiate dendritic excitability in hippocampal area CA1 (13) . Because the molecular layer of the DG is innervated by dopaminergic terminals from the ventral tegmental area (VTA) (14) we examined the possibility that interactions at the level of DGC dendrites between firing frequency, dendritic Ca 2+ responses, and D1Rs, may mediate plasticity in medial perforant path synaptic inputs.
Results
To investigate the impact of high-frequency input to the DG, we stimulated the medial perforant path with trains of four subthreshold excitatory postsynaptic potentials (EPSPs) while recording from DGCs with an intracellular whole-cell electrode (Fig. 1A) . As we increased the frequency of trains from 20 to 150 Hz (10-Hz increments) we routinely observed that the synaptic response became nonlinear at upper frequencies (Fig. 1B) . We hypothesized that this was due to an increased influx of postsynaptic Ca 2+ through voltage-dependent Ca 2+ channels (VDCCs) and/or NMDA receptors in the soma and/or dendrites of the DGCs. To test this, we applied neuropeptide Y (NPY), which is known to act only postsynaptically in the DG and inhibit N-type VDCCs (15, 16) . NPY fibers from hilar interneurons form a dense projection to the outer two-thirds of the DG molecular layer, where they innervate dendrites of DGCs that densely express NPY1 receptors (17) . However, the influence of this NPY system on dentate activity is unknown (18) . In the presence of picrotoxin and enhanced Mg 2+ , application of NPY (1 μM) significantly decreased the nonlinear response (Fig. 1C) . Conversely, the D1-receptor agonist SKF 81297 (10 μM) enhanced the synaptic nonlinearity in these cells (Fig. 1D) . These results indicate that this nonlinear response to high-frequency input is subject to neuromodulation.
To examine the consequences of high-frequency postsynaptic activity in DGC dendrites, we emulated bursting behavior with trains of four somatic APs in DGCs filled via the patch pipette with the Ca 2+ indicator dye, Oregon Green BAPTA-1 (OGB-1) (Fig. 1E) . We compared five regions of interest (ROIs) along a DGC dendrite (Fig. 1F ) and normalized the Ca 2+ transients (ΔF/F measurement) to the lowest frequency (40 Hz) train of APs for each ROI. In control artificial cerebrospinal fluid (ACSF), normalized Ca 2+ transients did not increase with AP frequency in the most proximal dendritic compartments, but more distal ROIs did exhibit frequency-dependent increases. The most distal ROI showed the largest relative increase in Ca 2+ transient with frequency (Fig. 1G) . By contrast, in the same DGCs, there was no significant increase in the time-voltage integral of somatic depolarization after the final AP in the train (Fig. S1 ). This index has been shown to be sensitive to regenerative dendritic activity (12, 19) . These results are consistent with a frequency-dependent regenerative event that occurs at the DGC distal dendrite and normally does not conduct to the soma.
We hypothesized that the efficiency of coupling between the distal dendrite and the soma might be reduced by conductances from ongoing dendritic synaptic input (20) . However, after treat-ment with picrotoxin (100 μM), APV (50 μM), kynurenic acid (1 mM), and elevated Mg 2+ (to 5 mM) to block ionotropic GABA and glutamate receptors, respectively, the distal regenerative event still had little or no influence on integration at the soma (Fig.  S1 ). Because A-and D-type K + channels regulate dendritic excitability in hippocampal CA1 and neocortical neurons (21-23), we added a modest concentration of the A-and D-type K + channel blocker, 4-aminopyridine (4-AP; 100 μM), in addition to the synaptic blockers above ("4-AP solution"). Under these conditions, trains of bAPs above a "critical frequency" (CF) (ref. 12 ; Materials and Methods) that evoked supralinear Ca 2+ transients distant (>175 μm) from the soma as before, now also coincided with the appearance of a large somatic after-depolarization (ADP) (Fig.  2A) . The CFs evident both from distal dendritic Ca 2+ and somatic ADP responses were virtually identical (dendrite: 121 ± 8 Hz; soma: 128 ± 9 Hz; n = 10; P < 0.09) and were strongly correlated in the dendrites and somata of individual neurons ( Fig. 2B ; r 2 = 0.8258; P < 0.0001). Thus, in the presence of the 4-AP solution, trains of bAPs at supracritical frequencies induce a distal dendritic Ca 2+ influx that is tightly related to a somatic ADP, in the absence of NMDA receptor activation (Fig. S1 ). This suggests that somatodendritic coupling is normally maintained at a relatively low level in DGCs by a subset of strongly 4-AP-sensitive K + channels in the dendrites (Table S1 ).
To determine whether VDCCs mediate the depolarizing potential underlying the CF (12), we applied the nonselective VDCC blocker, Cd 2+ , via the bath. At 50 μM, Cd 2+ completely blocked the increase in ADP that was unmasked by 4-AP (Fig. S2) . The selective VDCC blockers, nifedipine (5 μM), ω-conotoxin GVIA (5 μM), and Ni 2+ (50 μM), each partially inhibited the ADP and increased the CF, indicating that L-, N-, and T-type VDCCs, respectively, all contribute to the ADP seen in the presence of 4-AP (Fig. S2) . We hypothesized that Ca 2+ influx through distal dendritic VDCCs mediates the CF voltage response. To address this hypothesis, we unmasked somatic ADPs with the 4-AP solution as above and then blocked Ca 2+ influx with localized application of Cd 2+ to the soma, the proximal, or the distal dendrites (50-100 μm and 120-250 μm from the soma, respectively). ACSF containing Cd 2+ (100 μM) and Alexa 594 (500 nM) was pressure-ejected under visual guidance from an applicator micropipette onto DGCs also loaded with Alexa 594 (5 μM; Fig. 2C ). In some DGCs we first applied Cd 2+ at the soma, then at the proximal dendrites, and finally at a distal dendritic locus. In others we reversed the order of application. Cd 2+ only inhibited the ADP and altered the CF when it was applied distally (Fig. 2D) , where it resulted in a mean CF change of 19 ± 4 Hz ( Fig. 2E ; *P < 0.005). This result suggests that distal dendritic VDCCs underlie the local generation of frequency-dependent, regenerative responses. In the presence of 4-AP, these appear sufficient to propagate into the soma, resulting in increased excitability.
Because dopamine fibers from the VTA carry reward-based information (4) to the DG (24) , and because the entire DGC dendrite bears the D1Rs (9) essential to CPP (7), we tested the hypothesis that D1R activation would unmask and/or potentiate ADPs in rat DGCs. In some DGCs tested in control ACSF alone, the D1R agonist SKF 81297 (SKF) (10 μM) increased the integral of the ADP and unmasked a clear CF with a mean of 110 ± 13 Hz (n = 5; Fig. 3A) ; this increase was subsequently inhibited by application of Cd 2+ and Ni 2+ in all DGCs tested (Fig. 3A) . In other DGCs, SKF significantly increased the ADP amplitude across all frequencies, but did not cause a clear CF (n = 9). Figure 3 B and C illustrates these two distinct responses to SKF. SKF effects were antagonized by the D1R antagonist SCH 23390 (Fig. S3) . As the effects of SKF were very similar to those of 4-AP, we tested whether the effects of 4-AP and SKF on CFs were additive. In the presence of a low (10 μM) concentration of 4-AP (plus the synaptic blockers as above), some DGCs never exhibited a CF or an increase in the ADP, but the addition of 10 μM SKF unmasked a robust CF, which reversed upon washout of SKF (Fig. S3) . Furthermore, a local application of 4-AP (100 μM) to distal dendrites in the presence of SKF (10 μM) that did not evoke a CF still resulted in an increase in the ADP and the appearance of a CF that reversed upon washout of 4-AP (Fig. S3) . In neurons in which the higher (100 μM) 4-AP solution unmasked a clear CF and increase in ADP, addition of SKF reversibly increased the magnitude of the ADP and decreased the CF (Fig. 3D) , consistent with an enhancement of dendritic Ca 2+ influx. To further test the relationship between D1R and VDCC activation we applied ω-conotoxin GVIA, which antagonized the SKF-induced CF (Fig. S3) . Finally, to determine whether the actions of D1R agonists and 4-AP involved a final common pathway, we applied a high (300 μM) concentration of 4-AP and found that SKF no longer had an additive effect on the ADP (Fig. S3) . These results suggest that during bursts of DGC firing, D1R activation might result in an inhibition of distal dendritic 4-AP-sensitive K + channels (25) , an increased activation of N-type and possibly other types of VDCCs, or act via both of these mechanisms.
NPY is known to have only postsynaptic effects on DGCs, specifically the inhibition of N-type VDCCs (15, 16) . In contrast to the D1R effects above, agonists for the NPY Y1 receptor (Y1R), but for neither Y2 nor Y5 receptors, reduced the ADP and increased the CF (Fig. S4) . After full washout of SKF in four responsive DGCs, application of NPY resulted in a decreased ADP and increased CF (Fig. 3E) . Furthermore, focal application of NPY (3 μM) to distal dendrites resulted in CF increases and ADP inhibition (Fig. S4) . Therefore, neuromodulators can shift dendritic Ca 2+ activity in both directions in the same DGC ( Fig. 3 E and F) .
To determine whether activation of adenylate cyclase by D1Rs could mediate the effect of SKF (4), in a separate group of DGCs we applied the membrane-permeant cAMP analog, dibutyrlcAMP (db-cAMP; 10 μM) in the presence of the 100 μM 4-AP solution. This resulted in a CF reduction not significantly different from that seen with SKF ( Fig. 3E ; −23 ± 6 Hz, n = 6, P > 0.9). Finally, to test whether the D1R-mediated decrease in CF could itself be modulated by a local neuromodulator, in neurons in which 10 μM 4-AP alone had no effect, we unmasked a CF with the addition of SKF (10 μM), then added NPY (1 μM) with SKF present. Activation of the Y1R sharply reduced the D1 agonist-induced ADP magnitude at the CF and 10 Hz above it (Fig. 3F) . These results are consistent with DGC activity-dependent dendritic Ca 2+ responses being enhanced by dopamine but suppressed by NPY.
The plasticity of excitatory synaptic responses has been linked with changes in dendritic excitability (10, 11, 26) . Previous studies of long-term potentiation (LTP) in immature DGCs showed that synaptic inputs can be potentiated after one-to-one pairings of brief trains of EPSPs with APs, repeated at theta frequencies. This LTP is attributed to the enhancement of postsynaptic Ca 2+ influx caused by these pairings (11, 27) . We therefore postulated that enhancement of dendritic Ca 2+ influx via D1 receptors would facilitate synaptic plasticity in DGCs.
As D1R activation typically increased the responsiveness to a 100-Hz train of bAPs, we tested whether a D1R agonist could permit LTP induction in DGCs with a theta-burst pairing (TBP) protocol (Materials and Methods; Fig. 4 A and B) at an intensity that alone never induced LTP. Synaptic inputs were stimulated focally via a bipolar electrode placed in the MPP, which conveys mainly spatial information and which innervates the middle DGC dendritic segment that normally does not permit the forward propagation of distal Ca 2+ electrogenesis ( Fig. 4A; ref. 7 ). We studied young DGCs that comprise the innermost granule cell layer (GCL) (IR: 523 ± 52 MΩ; n = 7) because of their relatively elevated excitability and lower CFs (Fig. S5 ). Under control conditions (i.e., in the absence of 4-AP or any synaptic blockers) we observed a small, but not significant, depression in 2+ to the soma, proximal (Prox) and distal dendrites. In this DGC, distal and somatic application of Cd 2+ produced a 24-Hz and 4-Hz rightward shift, respectively; however, the shift caused by soma application was not significant across DGCs. (E) Change in CF after local Cd 2+ application to the soma (−5 ± 2 Hz; n = 9) proximal dendrite (7 ± 5 Hz; n = 5), distal dendrite (19 ± 4 Hz; n = 8), and during washout after distal application (3 ± 4 Hz; n = 7; *P < 0.05).
the test response at 1 min after the TBP (75 ± 10% of control; n = 7) that returned to control values 10 min later (110 ± 13% of control; n = 7). Following the addition of SKF, a repetition of the identical TBP (TBP 2 ) resulted in a significantly larger ADP during the TBP 2 protocol (Fig. 4C) , consistent with our previous findings (Fig. 3) . Ten minutes after TBP 2 , we observed a robust enhancement of the EPSP amplitude in all DGCs tested ( Fig.  4D ; 162 ± 19% of control; n = 7). EPSP amplitude remained stably elevated at least 30 min later (142 ± 18% of control; Fig.  4E ; P < 0.05; n = 7). By contrast, LTP could be induced neither by repeated TBP protocols nor by application of the dopamine agonist alone (Fig. S6) . We next tested whether blockade of postsynaptic VDCCs with NPY (15) could inhibit dopaminemediated LTP induction. The TBP protocol after application of NPY and SKF via the bath resulted in no change in EPSP amplitude (Fig. S6) . Following washout of both compounds, we administered a second TBP in the presence of the D1 agonist only. This resulted in robust LTP (Fig. S6) . Finally, focal application of NPY (3 μM) to the distal dendrites (>150 μm from soma) suppressed LTP in the presence of SKF; induction of LTP was again enabled when TBP was applied with SKF again present 10 min after NPY application ceased (Fig. 4F) . Therefore, D1 receptor-mediated LTP induction in DGCs requires the untrammeled participation of dendritic VDCCs.
In parallel experiments, we performed whole-cell recordings from human DGCs in slices prepared from hippocampal biopsy specimens removed en bloc from patients with medically intractable, temporal lobe epilepsy. The average resting membrane potential (RMP) of human DGCs was −68.5 ± 1.2 mV (n = 19), significantly more depolarized than rat DGCs (Table S2) , but similar to earlier data from human DGCs (28) . As in rat, human DGCs exhibited no significant somatic ADPs in control saline, and the application of 4-AP unmasked robust ADPs (Fig. S7) . Aside from the resting potential, properties of human DGCs were qualitatively and quantitatively similar to those of the rat. Specifically, the CF recorded in the presence of 100 μM 4-AP in human DGCs (111 ± 5 Hz; n = 19) was not different from the CF of DGCs from any region of the GCL in male or female rats (Table S2) . Cd 2+ (50 μM) also completely abolished the ADP in all human neurons tested (4 of 4; Fig. S7 ). As in rat, NPY also inhibited the ADP and increased the CF in human DGCs in the presence of 100 μM 4-AP (Fig. S7) . Finally, to test the hypothesis that this D1R response could also affect synaptic plasticity in human DGC, we performed TBP experiments on human DGCs in the absence and presence of the D1R agonist, also focally stimulating the MPP. Subthreshold theta-burst pairing was without any long-term effect, but the same protocol repeated in the same cells in the presence of 10 μM SKF, resulted in a significant and sustained LTP in five human DGCs from one male and one female patient (Fig. 4G) .
Discussion
Dentate granule cells are considered the "gatekeepers" of the hippocampal formation (29, 30) . Here we report that DGCs both from rats and from human epilepsy patients have the capacity to express frequency-dependent, backpropagation-activated Ca 2+ responses, which are normally repressed by dendritic K + currents, but can be unmasked by low-to-moderate concentrations of 4-AP. Under physiological conditions, this dendritic Ca 2+ electrogenesis serves to amplify high-frequency synaptic inputs, and it can be modulated in opposite directions by receptors for NPY and dopamine. In rat DGCs, several types of VDCCs contribute to dendritic Ca 2+ electrogenesis. Finally, dopamine and potentially other neuromodulators that elevate cAMP (31, 32) can predispose individual rat and human DGCs to the induction of LTP.
Modulation of dendritic excitability is a key aspect of synaptic integration (33) . Here we have shown that NPY, by inhibiting distal Ca 2+ influx via Y1Rs, can affect dendritic electrogenesis in DGCs at both low and high levels of somatodendritic coupling. This is the candidate mechanism for the blockade of dopamineinduced LTP by NPY. Because many interneurons in the hilus express NPY (34), elevated mossy fiber activity is likely in turn to result in enhanced NPY release. Thus, NPY release in the dentate molecular layer would be expected to exert a negative feedback on DGC dendritic excitability, which in turn can profoundly suppress synaptic plasticity.
The VTA dopamine fibers are unique among biogenic amines innervating the hippocampus in that they participate in a rewarddetection system that promotes LTP and learning (4, 35, 36) . During exploratory behaviors, when gamma-frequency activity occurs in the DG and DGCs fire at high rates (1, 3, (37) (38) (39) , the reward salience of an external stimulus is signaled by release of dopamine from VTA projections to the molecular layer of the DG (40) . Consistent with these observations, in mice where NMDA receptors have been genetically ablated in mesolimbic dopamine neurons, the CPP response to rewards of cocaine or food is impaired (5, 6), suggesting a loss of reward-primed spatial memory and Ni 2+ also added (each 50 μM). SKF application produced two distinct effects: (B) Unmasking of a clear CF in some DGCs (mean CF: 110 ± 13 Hz; **P < 0.01, ***P < 0.001; 50 Hz vs. all frequencies; n = 5). (C) In other DGCs, a significant increase in ADP was seen with SKF across all frequencies (compared with control, *P < 0.05), but with no clear CF emerging (no significant differences across all frequencies; n = 9). (D) In 4-AP (100 μM), SKF increased the ADP and shifted the CF leftward (4-AP vs. SKF, **P < 0.01; n = 6). (E) In 4-AP (100 μM), SKF reversibly decreased the CF by 23 ± 4 Hz (n = 10). After a washout of SKF, subsequent NPY application increased the CF by 32 ± 6 Hz (n = 3). In other DGCs, the membrane-permeant cAMP analog, dibutyrl-cAMP (10 μM) decreased the CF (23 ± 6 Hz; n = 6). Coapplication of SKF and NPY resulted an increase of the CF (mean: 28 ± 7 Hz; n = 4) in yet other DGCs. (F) In DGCs with no CF in low 4-AP (10 μM), SKF unmasked a CF and increased the ADP integral. Still in the presence of SKF and low 4-AP, NPY inhibited the ADP at and above the CF (n = 8; *between 4-AP and SKF;
† between SKF and SKF + NPY, ** and † † P < 0.01, ***P < 0.001).
formation. Our results indicate that activation of D1Rs on DGCs can increase the magnitude of the ADP and alter tuning to lower frequencies, all of which would promote activity-dependent elevations in dendritic [Ca 2+ ] i and thus, potentially, synaptic plasticity. Little is known about the downstream actions of dopamine receptors in the DG (24); however, in pyramidal neurons of hippocampal area CA1, dopamine reportedly modulates dendritic excitability by suppression of dendritic 4-AP-sensitive K + channels via protein kinase A (PKA) or protein kinase C (PKC) (25) pathways. D1/D5 receptor activation can also increase excitability via the above mechanism (13) . In some DGCs here, D1R activation alone unmasked a CF (Fig. 3 A and B) , comparable to the effect of 4-AP (100 μM). Whereas the D1 agonist was still able to induce a significant CF shift in the presence of 4-AP, this effect saturated with 300 μM 4-AP present (Fig. S3 G and H) . The observed actions of dopamine could thus result from: (i) a reduction in 4-AP-sensitive K + currents that cause an enhanced somatodendritic coupling; (ii) the enhancement of Ca 2+ electrogenesis by phosphorylation of VDCCs, either directly or via activation of a protein kinase; and (iii) a combination of both of the above actions. The mechanism of D1R action remains unclear despite a number of approaches to address it here. Activation of D1Rs was sufficient to permit induction of robust LTP by the otherwise subthreshold TBP stimuli used here, consistent with reports of dopamine-mediated LTP induction in CA1 and prefrontal cortex layer 5 pyramidal cells (41) (42) (43) . Overall, the results suggest that dopamine, acting at D1Rs, can act as a reward signal that increases dendritic excitability in DGCs and could thereby escort important sensory-based information past the inhibitory "gate" of the DG.
In this study, we focused on the MPP, which innervates the middle DGC dendritic segment, because of its acknowledged role in mediating spatial information (7, 8) . Thus, the TBP protocol here was designed to mimic the physiological activation of a place cell (1-3) and the theta oscillations from the entorhinal cortex that occur during exploratory behavior (2, 3) . Although we did not examine the LPP here, because D1Rs are distributed uniformly along the dendritic tree of DGCs (9), and VTA dopamine fibers broadly innervate the dentate molecular layer, we anticipate that a similar mechanism could well also facilitate plasticity in the LPP, although this remains to be tested.
In slices of human epileptic hippocampus, D1R receptor activation paired with the TBP protocol can also permit induction of LTP, as in the rat. A previous study using extracellular recordings in human hippocampal slices has shown that LTP in the DG can be induced by either a high-frequency theta stimulus protocol or by increasing intracellular cAMP and that these two methods of induction share a common mechanism (44). Our results using intracellular recordings in human DG suggest that, as in the rat, a cAMP-mediated mechanism also increases activity-dependent Ca 2+ influx into DGC dendrites, thus facilitating spike-timing-dependent plasticity in human brain.
These results demonstrate that most distal DGC dendrites, like those of many other neurons, are tuned to respond in a nonlinear fashion to activity in the high-frequency gamma range. The downstream effect of this dendritic signal will depend on the complex interplay of dendritic voltage-dependent and receptor-mediated channels. Our results are consistent with the concept that dopaminergic afferents from the VTA can facilitate long-term synaptic plasticity (45), a proxy for hippocampal memory formation (46, 47) . We have shown that, during bursting behavior, DGC dendrites can support frequency-dependent activity that can be altered by endogenous neuromodulators, such as dopamine and NPY. Enhancement of dendritic excitability by D1R may result from the reduction of 4-AP-sensitive K + channel activity, enhancement of distal dendritic VDCC activity, or both. Irrespective, this increase in activity-dependent dendritic Ca 2+ influx can facilitate plasticity when there is concurrent input from the MPP. Human DGCs and their inputs exhibit the same mechanism. It is thus likely that during exploration, when place cells fire a burst of APs for a labile representation, a concurrent novelty signal provided by VTA dopamine inputs can initiate plasticity and form a reward-based contextual memory (5) (6) (7) . This mechanism would also apply during CPP for a drug reward, such as cocaine (5, 6) or nicotine (7) that require dopamine release in the DG. The negative actions of NPY from local neurons downstream of the DGCs could then provide a temporal limit to this process. Finally, given the cAMP dependence of . The ADP is increased slightly after a subsequent theta-burst pairing (TBP 2 ) in the presence of bath applied D1 agonist (SKF 81297; 10 μM) in the same DGC (superimposed gray trace). (C) The ADP integral was calculated from the onset of the fifth action potential until return to resting potential. Each pair represents a single DGC that exhibited LTP after TBP 2 + SKF (*P < 0.05; n = 7). (D) Sample EPSP traces before (control), after TBP 1 , and after TBP 2 + SKF from the same DGC. (E) TBP at 100 Hz did not evoke LTP under control conditions (TBP 1 ). However, with the application of SKF (10 μM) a second TBP (TBP 2 ) resulted in a long-lasting potentiation (*P < 0.05; n = 7). (F) NPY (3 μM) applied via a focal pipette containing Alexa 594 (300 nM) to the distal dendrites together with bath application of SKF (10 μM) for 4 min before TBP 1 did not change EPSP amplitude 15 min after TBP 1 . After washout, SKF (10 μM) was applied alone. Under these conditions, TBP 2 induced LTP (*P < 0.05; n = 4). (G) SKF significantly induces LTP in human DGCs from 350-μm thick hippocampal slices with otherwise the same protocol as in E (*P < 0.05, **P < 0.01; n = 5).
this mechanism, other chemical messengers whose receptors elevate cAMP may also mediate similar synaptic plasticity.
Materials and Methods
Slice Preparation. Rat experiments were performed in hippocampal slices from 3-to 5-wk-old male (or female where indicated) rats as described previously (48) . Rats were decapitated and the brains were removed and placed into an ice-cold (0-4°C) slicing solution (SI Materials and Methods). Transverse slices (300 μM thick; 48) were cut with a vibrating slicer and placed in a 32-34°C ACSF (SI Materials and Methods). Human DG slices were prepared from biopsies obtained during surgical resection from 10 female patients (35-62 y old) and one male patient (36 y old) with medically intractable temporal lobe epilepsy, under a protocol approved by the Health Research Ethics Board of the University of Alberta and Capital Health Authority.
Electrophysiology and Calcium Imaging. Whole-cell patch clamp recordings in DGCs were obtained using glass pipettes (4-6 MΩ) filled with an intracellular solution (SI Materials and Methods). In some experiments DGCs were filled with OGB-1 (Invitrogen) and/or 0.001-0.01 Alexa 594 via the whole-cell pipette. See SI Materials and Methods for stimulation protocols.
Drugs. All drugs and peptides were dissolved in ACSF and perfused on slices at a flow rate of 2.5-3.5 mL/min unless otherwise noted (SI Materials and Methods).
Theta-Burst Pairing Protocol. The theta-burst pairing protocol consisted of the pairing of a medial perforant path EPSP with an action potential (EPSP-action potential; 5-ms interval). A series of 10 trials each consisting of five EPSP-AP pairs at 100 Hz was repeated eight times at theta frequency (5 Hz). Stimulus-intensity response curves for EPSP amplitude were established before TBP, and stimuli evoking a 50% maximum EPSP were used for the remainder of the experiment. EPSPs were recorded as an average of three sweeps (5-s interstimulus interval) once every minute. All DGCs were in the inner or middle GCL.
